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ABSTRACT 
In the UK large scale field trials  (Carbon Trust, 2007) 
are underway to assess the performance of combustion-
based, domestic cogeneration devices with regards to 
both their carbon-saving potential and also their 
possible impact on the electricity distribution system. 
The preliminary results indicate that only modest 
carbon savings are achievable from these devices. 
However, in these trials the systems tested did not 
include any thermal buffering between the device and 
the heating system; hence the results give an 
incomplete picture of domestic cogeneration 
performance. 
This paper describes the preliminary outcomes from a 
comprehensive modelling exercise that explored the 
performance of domestic cogeneration for different UK 
housing types under different operational scenarios, 
and with and without thermal buffering. The simulation 
results indicate that thermal buffering has a dramatic 
effect on the performance and operational 
characteristics of micro-cogeneration devices however, 
due to standing losses in the thermal buffering, carbon 
emissions levels show only small variations.  
The results from these simulations are contrasted with 
the evidence emerging from the field trials and it is 
concluded that the model gives a realistic picture of 
performance.  
INTRODUCTION 
Over the last decade in the UK there has been an 
upsurge in interest in domestic cogeneration with 
various research groups investigating the topic (e.g. 
Cockroft and Kelly, 2006; Peacock and Newborough, 
2005). A large-scale field trial has also been underway 
since 2003, organised by the Carbon Trust (Carbon 
Trust, 2007). The preliminary results of this field trial 
indicate that only modest carbon savings are achievable 
from domestic cogeneration and that the technology is 
best suited to specific building types (e.g. large 
buildings with significant heat demands). However the 
systems tested in the trials lacked any thermal buffering 
between the cogeneration device and the heating 
system. The only significant thermal capacitance was 
provided by a hot water tank.  In contrast thermal 
buffering is a common feature in other field trials (e.g. 
Entchev et al. [2007]). Buffering is usually included to 
improve cogeneration performance, particularly for 
highly-intermittent heat loads such those found in 
dwellings. The absence of adequate buffering could 
lead to excessive cycling, a reduction in fuel efficiency 
and a reduced lifespan for the cogeneration device; 
hence, the Carbon Trust field trials provide only a 
partial picture of performance for domestic 
cogeneration.     
In this paper the results of a comprehensive modelling 
study are reported in which the performances of two 
common domestic cogeneration devices (an internal 
combustion engine [ICE] and Stirling engine [SE]) are 
assessed for different UK dwelling types, operational 
scenarios and with and without thermal buffering. 
Further, the effects of different levels of thermal 
buffering are analysed.  The models developed for 
these simulations are described along with the 
simulation approach. The results from the simulations 
are analysed and contrasted with those from the Carbon 
Trust field trials.  
MODEL DESCRIPTION 
In order to investigate the performance of micro 
generation in the UK housing stock four generic 
dwelling models were developed for the ESP-r building 
simulation tool (Clarke, 2001).  In ESP-r, a building 
and its associated energy systems are represented 
explicitly using multiple control volumes, which are 
applied consistently throughout the model. In this 
context, a control volume is an arbitrary region of space 
to which conservation equations for continuity, energy 
(thermal and electrical) and species can be applied and 
one or more characteristic equations formed. As a 
typical building model will contain thousands of such 
volumes, sets of equations are extracted and grouped 
according to energy system. Solution of these equations 
sets with real dynamic climate data, coupled with 
control and occupancy-related boundary conditions 
yields the building’s time-varying energy flows over a 
user-defined simulation period. 
Dwelling Models  
The four generic dwelling types emerged from an 
analysis of various analyses of the UK housing surveys 
[Department for Communities and Local Government 
2004, Communities Scotland 2002, Utley et al 2003]. 
This indicated that the majority of the housing stock 
could be categorised as one of four basic types:  
Detached dwelling Semi-detached dwelling 
Terraced dwelling Flats 
Figure 1 the dwelling stereotypes modelled in ESP-r. 
Building Type 
Each of the four dwellings shown in figure 1 was used 
in the modelling exercise. The models were intended to 
represent the current UK housing stock, hence their 
insulation levels reflected the fact that that the majority 
of the building stock does not conform to current 
building regulations. The basic characteristics of the 
models are given in the table below; the data was 
derived from information provided by Utley and 
Shorrock, (2003). 
 
 Detached Semi-
detached 
Terraced Flat 
Floor 
Area(m2): 
136 87 58 56 
Average 
heat loss 
(W/°C) 
365 276 243 182 
Table 1: dwelling characteristics. 
The ESP-r model of these dwellings comprised a 3-
dimensional description of the building geometry 
coupled with explicit representations of the different 
constructions, details of occupancy, equipment loads, 
space and water heating control requirements and 
temporal hot water draws.  The models could be 
customised to account for variations in the building 
stock: floor area, building materials, insulation levels, 
air tightness, occupancy, heating system settings, etc.). 
For this study four model characteristics were varied: 
building type; occupant type; cogeneration device type 
and the level of thermal buffering.  
Occupant Type  
Two characteristics were developed for use in the 
models: intermittent (working family) type occupancy 
and continuous occupancy (social housing or retired 
occupants). These reflect typical occupancy patterns 
seen in UK housing.  
Cogeneration Devices 
Two cogeneration devices were analysed in these 
simulations: a 5.5kWe (12.5kWth) ICE unit and a 
smaller 1kWe (6kWth) SE unit. The models used to 
represent these devices were derived from the generic 
combustion cogeneration device specifications 
developed within the International Energy Agency 
Energy Conservation in Buildings and Community 
Systems Programme Annex 42 (Beausoleil-Morrison 
and Kelly [eds], 2007). Both device models were 
capable of representing the dynamics of the 
cogeneration device behaviour and were used to 
determine coolant temperatures, operational status, 
performance efficiencies, fuel consumption and 
resulting carbon emissions. The parameters for the 
specific instances of the model used here were 
calibrated using experimental data. The calibration 
process and outcomes are documented in Beausoleil-
Morrison and Ferguson [eds.] (2007).  
Thermal Buffering 
Thermal buffering was implemented in the model by 
running the heating and hot water circuits from an 
insulated water tank model coupled to the cogeneration 
device. Four different levels of thermal buffering were 
tested in the simulations 200l, 500l, 750l and no 
buffering. In the no-buffering case the buffer tank was 
removed.  The tank was insulated to current UK 
manufacturer’s specifications.  
Cogeneration and Heating System Model 
A detailed sub-system model of the heating system was 
developed and integrated into each of the building 
models. The variants with and without buffering are 
shown in figures 2a and 2b respectively. This sub-
system comprised the cogeneration device model, 
buffer tank (when appropriate) and models representing 
the balance of plant: radiators thermostatic control 
valves, diverting valves, a hot water tank, etc. The sub-
system topology was similar to that deployed by in the 
domestic cogeneration field tests undertaken by the 
Canadian Centre for Housing Technology (CCHT) 
(Entchev et al. 2006). 
 
 
 
 
 
 
 
 
 
 
Figure 2a: the unbuffered heating system. 
 
 
 
 
 
 
 
 
 
 
Figure 2b the buffered heating system 
 
System Operation and Control Settings 
The control settings used in the models reflected those 
commonly found in UK housing. Consequently, in the 
buffered models the cogeneration unit was controlled 
using an on/off controller with a 10oC dead-band. 
Control was based on the buffer tank temperature, 
which was maintained between 65 and 75oC during 
heating periods. In the unbuffered system models the 
control settings were the same however, control was 
based on the return temperature of the heating system. 
Spaces occupied during the day were heated to 21oC, 
while bedroom spaces were heated to 18oC. At night-
time the heating system was switched off. The hot 
water was heated to 50oC. Note that the hot water 
demands were calculated using the stochastic model 
developed by the IEA solar heating and cooling 
programme Task 26 (www.iea-shc.org/task26); this 
was used to generate hot water draws appropriate to the 
size of dwelling and number of occupants.   
SIMULATIONS 
The ESP-r simulation engine provides the means to 
undertake a dynamic thermal simulation of the 
integrated model. Each simulation therefore provided 
data on the evolution of the different model 
constituents over time in terms of temperature and 
energy flows (this including electrical energy flows).  
In order to assess the impact of the four different 
characteristics being analysed a parametric study was 
undertaken. In each simulation one characteristic of the 
model was varied (e.g. cogeneration system, storage 
tank size, occupancy type or dwelling type). Further, to 
gauge seasonal effects each simulation was conducted 
using a characteristic summer, winter and transition 
(spring/autumn) week, with all of the simulations using 
the UK reference climate data set. Finally, to fully 
capture the effects of short-duration variation in plant 
performance the simulations were run with a time step 
of one minute. This short time step allowed phenomena 
such as the modulation of radiator valves and the 
effects of thermal transients in less thermally massive 
plant components to be captured in the simulation 
results. 
In all, a total of 144 simulations were undertaken. 
Table 2 illustrates the model variants examined in the 
simulations; note that not all simulation combinations 
were realistic, for example the Stirling cogeneration 
device has too small a heat output to meet the detached 
dwelling’s heat demand in winter. Conversely, the ICE 
cogeneration device is oversized for the flat. Only 
viable combinations of device and system are 
considered here. 
RESULTS AND DISCUSSION 
Effects of Buffering 
Figures 3b and 3b show the overall efficiency and 
thermal efficiencies for each device from all of the 
simulations undertaken. The ICE overall device 
efficiency varied between 70 and 85% with all of the 
lowest efficiencies attributable to the simulations where 
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the device operated without thermal buffering. The 
omission of thermal buffering reduced the overall 
efficiency by almost 15% in the worst case. The SE 
results showed similar characteristics with the lower 
efficiencies evident for the un-buffered simulations; the 
overall efficiency reduction was greater than 25% for 
this device in the worst case.  
The simulation data also indicated that it was the 
thermal efficiency that was most affected by the 
addition of the thermal buffering. Figure 4 illustrates 
this: it shows the average thermal efficiency of the ICE 
device when supplying heat to the terraced dwelling 
during a transition week for different thermal buffer 
sizes. For both the ICE and SE devices the electrical 
efficiency showed only small variations. 
The reason for the reduction in device thermal 
efficiency is evident when looking at figure 5 which 
shows the on/off cycling of the SE device in each of the 
simulations; weekly cycling rates varying from over 
400 to below 10 for the SE. The addition of thermal 
buffering reduced the device cycling by an order of 
magnitude over the simulation period. The pattern for 
the ICE device was similar.   
Figure 6 shows the correlation between the cycling rate 
and the thermal efficiency for the ICE device, the effect 
is similar for the SE device. The explanation for this 
phenomena that with higher cycling rates (resulting in 
shorter on and off periods for the heating system) a 
significant proportion of the heat from the combustion 
process was absorbed and then dissipated by the engine 
block rather than reaching the coolant; hence the 
potential for heat recovery to the dwelling heating 
system was reduced.   
While the addition of thermal buffering clearly 
improved the performance of the device the impact on 
carbon emissions was less clear. Figure 7 shows the 
carbon emissions extracted from the simulations with 
the ICE device, and shows that the emissions for the 
unbuffered simulations were only slightly higher or 
occasionally less than the emissions associated with the 
buffered systems. For the buffered systems the general 
trend was that the higher the volume of buffering the 
better the environmental performance of the system.  
The picture for the SE device was similar. Given the 
clear benefits to device efficiency of buffering this is a 
surprising finding; however a further analysis of the 
data revealed that the unbuffered systems operated for 
fewer hours than the buffered systems. The extra 
operational hours in the buffered systems were required 
to compensate for additional standing losses from the 
buffering tank (which is insulated to current UK 
standards). Consequently, while the device efficiency 
was better for the buffered systems, the additional 
operational hours to compensate for standing losses 
reduced or entirely negated this benefit. Improving the 
insulation levels on the buffering tank to minimise 
standing losses would improve the performance of the 
buffered systems in relation to the unbuffered cases. 
Seasonal Effects and Influence of Dwelling Type 
Figures 3a and 3b illustrate the seasonal variation in 
performance. As expected, for both the SE and ICE 
cogeneration devices the general trend was for greater 
efficiencies in the winter when the devices were 
operating at higher loading levels and therefore firing 
for longer periods of time; the effect is more 
pronounced for the unbuffered simulations.  
Similarly, the cogeneration devices performed better in 
the dwellings with higher loading levels. It was noted 
that there were incompatibilities between the devices 
and certain dwellings: the SE device did not have 
sufficient thermal output to maintain satisfactory 
thermal comfort in the detached dwelling; the ICE 
device was too high a capacity for the flat resulting in 
the device shutting down frequently then the outlet 
water temperature exceeded the model’s upper safety 
limit of 85oC. 
 Effect of Occupancy 
The greatest impact of the type of occupancy was on 
running time and CO2 emissions. In all of the 
simulations undertaken, continuous occupancy resulted 
in significantly more carbon emissions than the 
intermittent cases. The effect on the average device 
efficiency was generally very small, with variations in 
efficiency of less than 2% evident for intermittent and 
continuous heating. The exception to this was the case 
where devices were unbuffered and lightly loaded, here 
the device efficiency was significantly worse for 
continuous occupancy as opposed to intermittent 
occupancy as the device suffered excessive cycling and 
poor efficiency for longer operating periods, 
consequently the emissions were greater. 
Comparison with Field Trial Results 
The unbuffered simulation results are broadly similar to 
the results emerging in the Carbon Trust Field Trials 
(Carbon Trust, 2007) for unbuffered ICE and SE 
devices. Table 3 shows the average annual total 
efficiencies emerging from the field trials and the very 
similar efficiencies obtained from these simulations. 
Further corroboration of the model’s output was 
provided by the finding that the micro-generation 
devices worked best when serving older dwellings with 
larger heat loads, these results were mirrored in the 
field trials.   
CONCLUSIONS AND FURTHER WORK 
For the purposes of this study, four stereotype dwelling 
models have been developed, which have been 
augmented with a detailed heating and hot water 
systems model.   
A comprehensive modelling and simulation exercise 
has been undertaken to analyse the performance of 
domestic cogeneration devices in typical UK dwellings 
under different operational contexts.  
The simulations indicate that thermal buffering has a 
dramatic effect on the behaviour of the domestic 
cogeneration device performance. The device 
efficiency is improved, while on/off cycling is 
significantly reduced.  
However, the effect of buffering on carbon emissions 
was less significant, indeed in some simulations carbon 
emissions increased due to increases run times. With 
the insulation levels used on the buffering tank in these 
simulations, the additional standing losses from the 
buffer tank tended to counteract the effect of improved 
device efficiency. The situation could be improved by 
improving the insulation on the buffer tank. 
The simulation results presented here are comparable 
similar to those emerging from UK field trials in terms 
of overall efficiency and the performance 
characteristics (i.e. good performance in larger, older 
dwellings).  
Finally, it should be noted that this paper only reports 
on a preliminary analysis of the simulation data, further 
analysis and simulation work remains such as analysing 
the performance of the cogeneration devices with 
improved dwellings insulation levels and a comparison 
of the performance of the cogeneration devices (in 
terms of carbon emissions) against condensing boiler 
and heat pump systems and investigation of the effect 
of different climates. 
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 dwelling variant 
detached buffered, 200l, 500l, 
750l 
unbuffered continuous 
occupancy 
intermittent 
occupancy 
ICE - 
semi-det. buffered, 200l, 500l, 
750l 
unbuffered continuous 
occupancy 
intermittent 
occupancy 
ICE SE 
terraced buffered, 200l, 500l, 
750l 
unbuffered continuous 
occupancy 
intermittent 
occupancy. 
ICE SE 
flat buffered, 200l, 500l, 
750l 
unbuffered continuous 
occupancy 
intermittent 
occupancy 
- SE 
Table 2 model variations analysed in simulations. 
 
 Field 
trials 
(average) 
Detached 
dwelling 
Semi 
detached 
dwelling 
Terraced 
Dwelling 
Flat 
Device SE ICE SE ICE SE ICE SE ICE SE ICE 
Thermal + 
electrical 
efficiency  
77 75 - 77 77 75 71 73 72 - 
Table 3 comparison of simulation and field trials results. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3a ICE overall and thermal efficiency for all simulations. 
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Figure 3b SE overall and thermal efficiency for all simulations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 variation of device thermal efficiency with storage tank size.
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Figure 5 Weekly on/off cycles for SE device from all simulations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 Thermal efficiency vs cycling for ICE device from all simulations.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7 ICE device CO2 emissions from all simulations. 
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